This study tests the feasibility of large porous particles as long-acting carriers for pulmonary delivery of low molecular weight heparin (LMWH). Microspheres were prepared with a biodegradable polymer, poly(lactic-co-glycolic acid) (PLGA), by a double-emulsion-solvent-evaporation technique. The drug entrapment efficiencies of the microspheres were increased by modifying them with three different additives-polyethyleneimine (PEI), Span 60 and stearylamine. The resulting microspheres were evaluated for morphology, size, zeta potential, density, in vitro drug-release properties, cytotoxicity, and for pulmonary absorption in vivo. Scanning electron microscopic examination suggests that the porosity of the particles increased with the increase in aqueous volume fraction. The amount of aqueous volume fraction and the type of core-modifying agent added to the aqueous interior had varying degrees of effect on the size, density and aerodynamic diameter of the particles. When PEI was incorporated in the internal aqueous phase, the entrapment efficiency was increased from 16.22±1.32% to 54.82±2.79%. The amount of drug released in the initial burst phase and the release-rate constant for the core-modified microspheres were greater than those for the plain microspheres. After pulmonary administration, the half-life of the drug from the PEI-and stearylamine-modified microspheres was increased by 5-to 6-fold compared to the drug entrapped in plain microspheres. The viability of Calu-3 cells was not adversely affected when incubated with the microspheres. Overall, the data presented here suggest that the newly developed porous microspheres of LMWH have the potential to be used in a form deliverable by dry-powder inhaler as an alternative to multiple parenteral administrations of LMWH.
Introduction
The pulmonary route has recently emerged as a viable alternative to the needle-based route of administration for an expanding array of biotechnology-derived drugs with superior therapeutic activity. However, the vast majority of currently available pulmonary drug delivery systems, including recently approved inhaled insulin-Exubera, which was later withdrawn from the market-are designed as immediate-release formulations to produce local and systemic effects for a short period of time [1] . Little has been done in the development of viable, inhaled formulations of therapeutic agents, especially biopharmaceuticals that can be administered via the lungs to release drugs for a prolonged period. In fact, inhaled long-acting formulations remain elusive because of the lack of efficient delivery devices and optimal drug carriers. The factors that have been major barriers to the development of long-acting pulmonary formulations are (i) suboptimal size and shape of the drug substance or the encapsulating carriers within the respirable fraction, (ii) short residence time of the inhaled drug particles or formulations in the respiratory tract, and (iii) poor loading of drugs into the particulate carriers frequently used to prepare inhaled formulations [2] [3] [4] . The recent advances in the dry-powder inhalation (DPI) technology have addressed some of the limitations associated with inhaled formulations, including unwanted loss of drug due to oropharyngeal deposition [5, 6] . However, the limitations associated with poor deposition of particles larger than 5 μm have yet to be overcome. In a seminal paper, Edwards et al. first proposed that particles with mass densities <0.4 g/cm 3 and geometric diameter >5 μm could be used to ease respirability as well as to enhance residence time in the lungs [3] . Indeed, the report of Edwards et al. spurred significant growth in studies on PLGA-based large porous particles for delivery of biopharmaceuticals. However, suboptimal pore size of the microspheres and poor encapsulation efficiency of many drugs remain major impediments to the widespread use of large porous PLGA microspheres as carriers for inhaled long-acting formulations [7] . In order to achieve sustained release properties and increase drug load, attempts have been made to modify particulate carriers by using polymer blends [8] , porosity-altering or surface-active agents [9] , and by means of the cyclodextrin-mediated double-entrapment technique [10] [11] [12] [13] .
Over the past few years, the large porous particle technology has been used for a number of biopharmaceuticals and conventional therapeutic agents, including insulin, testosterone, estradiol, deslorelin, tobramycin, ciprofloxacin and para-aminosalicylic acid [3, [13] [14] [15] [16] [17] . However, currently it is not known if this technology can be used for pulmonary delivery of hydrophilic macromolecules carrying a negative surface charge. Low molecular weight heparins (LMWHs) are negatively charged oligosaccharides used in the treatment of deep vein thrombosis and pulmonary embolism [18] . Because of their relatively high molecular weight, negative surface charge and short half-lives, LMWHs are administered by subcutaneous injection multiple times a day. Recent studies in our laboratory showed that pulmonary administration of LMWH is feasible [19, 20] . But the proposed formulation of the drug with absorption enhancers and dendrimers failed to produce a prolonged release of the drug. In this study, we propose that long-acting pulmonary formulations of LMWH can address the limitations imposed by the short duration of action of the drug.
Very recently, PLGA-based microspheres and nanoparticles have been used for oral and nasal delivery of unfractionated heparin and LMWH, although not for pulmonary delivery of LMWH. Moreover, the drug load and release profiles of the proposed formulations were not that encouraging [21] [22] [23] [24] . We believe that the poor entrapment efficiency of the formulations was because of the excessive hydrophilicity of the drug, and that the poor release profiles were the result of the use of nonporous particulate carriers. Thus, it is reasonable to assume that the entrapment efficiency of the carriers can be increased by complexing the drug with cationic polymers or surfactants, and that a refined controlled release can be achieved by using microspheres with optimal porosity. This study, therefore, tests the hypothesis that coremodified PLGA-based large porous microspheres can enhance the entrapment efficiency of LMWH and facilitate release of the drug for an extended period after pulmonary administration.
Materials and Methods

Materials
Poly(DL-lactide-co-glycolide) (50:50) PLGA (inherent viscosity 0.15-0.25 dl/g; weight average molecular weight = 10.6 kDa) was purchased from Boehringer Ingelheim (Lactel Absorbable Polymers, Pelham, AL). LMWH (average molecular weight and anti-factor Xa activity, 4493 Da and 61 U/mg, respectively) was obtained from Celsus laboratories (Cincinnati, OH). Poly vinyl alcohol (PVA), Span 60 (SP), polyethyleneimine (PEI) and stearylamine (SA) were purchased from Sigma (Sigma-Aldrich Inc., St. Louis, MO).
Preparation of LMWH-Loaded Porous Microspheres
The LMWH-loaded PLGA microspheres were prepared by the water-in-oil-in-water (w/o/w) emulsion and evaporation method [3] . Briefly, an aqueous solution of LMWH (internal aqueous phase, IAP) was first emulsified in 5.0 ml of dichloromethane (organic phase, OP) containing (0.25 g) PLGA polymer by homogenization (Ultra-Turrex T25 basic, IKA, Wilmington, DE) at 15,000 rpm for 3 min. The volume of the IAP was varied from 0.25 to 1 ml to obtain microspheres of varying porosity (Table 1) . To prepare core-modified microspheres, three different core modifying agents-Span 60, stearylamine and polyethyleneimine-were added to the IAP. As both Span 60 and stearylamine are hydrophobic in nature, they were dispersed in water by heating at 85°C for 15 min. The concentrations of the core-modifying agents used were 1.25 and 2.5%. The resulting water-in-oil (w/o) emulsion was then poured into 25 ml of 1.0% w/v PVA aqueous solution (external aqueous phase, EAP) and emulsified by homogenization at 8,000 rpm for 5 min. The w/o/w emulsion thus obtained, the secondary emulsion, was stirred overnight at room temperature for evaporation of dichloromethane. The polymeric particles were then washed thrice and lyophilized to get freeflowing powder. A blank microsphere formulation without LMWH was also prepared according to the same procedure. Each batch was prepared in triplicate.
Particle Characterization
Microspheres were characterized for their morphology, size, zeta potential, tapped density, and aerodynamic diameter. The morphology of the formulations was studied under a scanning electron microscope. The samples for SEM were prepared on a conductive, double-sided adhesive tape and then sputter-coated with gold under argon (Emitech K550X, Kent, UK). The microphotographs were taken using a Hitachi S-3400N (Freehold, NJ) scanning electron microscope. The mean volume-based diameter and size distribution of the particles were determined by a Microtrac® S3500 (North Largo, FL) particle size analyzer after dispersing the freeze-dried microspheres in a 0.2% w/v aqueous solution of PVA. The polydispersity indices of all formulations were calculated as the ratio of volume-averaged mean particle size to number-averaged mean particle size [25] . The zeta potential was measured by Zeta potential analyzer V. 3.40 (Brookhaven Instruments Corp. Holtsville, NY) after dispersing the formulations in PBS buffer. The density of the particles was estimated from the tapped density as described previously [4, 12] . An aliquot of 100 mg microspheres was transferred to a 10 (±0.05) ml graduated cylinder and the initial volume was recorded. Tapped density of the particles (ρ) was calculated as the ratio between sample weight (g) and the volume (ml) occupied after 200 tappings. The aerodynamic diameter of the dry-powder formulations was determined in an eight-stage Andersen cascade impactor (Westech Instruments Inc., Marietta, Georgia). The formulations were fired 5-6 times into the cascade impactor at a flow rate of 28.3 L/min. The deposited formulation at each stage was collected by rinsing the impactor and the samples were analyzed for LMWH content. The studies were performed in triplicate. In addition to actual aerodynamic diameter, the theoretical mass mean aerodynamic diameter (MMAD) of the particles was also calculated using the following equation [26] :
Where d is the geometric mean diameter obtained from particle size analysis, ρ is the tapped density, ρ 0 is the reference density of 1 g/cm 3 and X is the shape factor, which is 1 for a sphere.
Encapsulation Efficiency
The amount of heparin entrapped within microspheres was determined using an azure A colorimetric assay by measuring the amount of unentrapped drug in the external aqueous solution recovered after centrifugation and washing of the microspheres [27] . Typically, aliquots (50 μl) of aqueous samples were reacted with 150 μl of the azure A solution (0.01 mg/ ml) and assayed in triplicate at 595 nm. The drug entrapment efficiency was expressed as the percentage of calculated heparin load in the microspheres with the actual amount of heparin added during the preparation.
In vitro Release Experiments
Freeze-dried microspheres (50 mg) were suspended in 10 ml of PBS buffer (pH 7.4) in a flask containing 0.1% Tween 80 and incubated in a water bath at 37±1°C under gentle magnetic stirring (200 rpm). At various time intervals, 200 μl samples were withdrawn and centrifuged for 15 minutes at 16,000×g. The supernatant was removed and assayed for heparin content according to a previously described colorimetric method [27] .
In vivo Studies
Male Sprague-Dawley rats (Charles River Laboratories, Charlotte, NC) weighing between 250 and 350 g were used for the in vivo absorption experiments (n=5-6). Absorption was monitored by measuring plasma anti-factor Xa activity (4) . Prior to the experiment, the animals were anesthetized by an intramuscular injection of an anesthetic cocktail containing xylazine (20 mg/kg) and ketamine (100 mg/kg). Anesthesia was maintained with additional intramuscular injections of anesthetic mixture as needed throughout the experiments. Freeze-dried microspheres containing LMWH were administered intratracheally (50 U/kg) by using a specially designed dry-powder insufflator for aerosol inhalation in small animals (Penn Century, Philadelphia). The total amount of polymeric formulation administered was about 5 mg per animal carrying a 50 U/kg dose of LMWH. For subcutaneous administration, 50 U/kg LMWH in normal saline was administered as a single 100 μl injection under the back skin. Blood samples were collected from the tip of the tail at 0, 0.5, 1, 2, 4, 6, 8, 12 and 24 h in citrated microcentrifuge tubes and placed on ice. Subsequently, the plasma was separated by centrifugation (1600×g for 5 min) and stored at −20 °C until further analysis. All animal studies were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals under an approved protocol (AM-02004).
Anti-factor Xa activity Assay
Anti-factor Xa activity present in blood samples was determined by colorimetric assay using a Chromogenix Coatest Heparin Kit ® (Diapharma Group Inc., West Chester, OH). The assay was performed according to the protocol supplied by the manufacturer. Standard curves for determination of anti-factor Xa activity in plasma or saline were prepared by diluting the drug with pooled plasma or saline. Plasma obtained from untreated rats was used as a negative control to account for the effect of rat endogenous anti-factor Xa that otherwise could give a false positive increase in anti-factor Xa activity.
Cytotoxicity Studies
For the cytotoxicity studies, Calu-3 cells were seeded at a density of 50,000 cells/well in flatbottom, 96-well micro-titer tissue culture plates. Immediately prior to the start of the experiment, the medium was removed from the wells and the cells were washed with normal saline. Subsequently, the cells were incubated with 20 μl of formulations for 4 h, separately. The test samples contained 0.25 mg/ml, 0.025 mg/ml or 0.0025 mg/ml of plain core-modifying surfactants or microspheres containing equivalent amounts of core-modifying agents. Drugloaded or blank microspheres with no core-modifying agents were also tested for cytotoxicity. Sodium dodecyl sulfate (SDS) was used at 0.1% as a positive cytotoxic control. Cell viability was measured by the MTT assay as previously described [28] . Briefly, after 4 h, MTT (5 mg/ ml) solution was added to each well and the cells were incubated at 37°C for 4 h. Next, the solution in each well was removed and acidified isopropyl alcohol (100 μl of 1% v/v, concentrated hydrochloric acid in isopropyl alcohol) was added. Finally, the plates were incubated at 37°C for 1 h and absorbance was measured on a microtiter-plate reader (TECAN U.S. Inc, Research Triangle Park, NC) at 570 nm. Each assay was performed on eight samples and cell viability was expressed as the percentage of MTT released by cells exposed to coremodifying agents and microspheric formulation or SDS compared to cells incubated with saline alone.
Data Analysis
Standard noncompartmental analysis (Kinetica®, Version 4.0, Innaphase Corp., Philadelphia, PA) was performed to calculate the area under the plasma concentration versus time curve (AUC 0→24h ), relative and absolute bioavailability. Pharmacokinetic parameters of different formulations were compared by ANOVA. When the differences in the means were significant, post-hoc pair wise comparisons were conducted using Newman-Keuls multiple comparison (GraphPad Prism, version 3.03, GraphPad Software, San Diego, CA). Differences in p-values less than 0.05 were considered statistically significant.
Results and Discussion
Particle Characterization
In this set of experiments we have used scanning electron microscopy to investigate how particle morphology was affected by varying the fraction of the IAP volume and by the presence of additives in the internal phase ( Fig. 1 and Table 1 ). The photomicrographs of unmodified (in absence of core modifying agents) microspheres were spherical in shape and the pore size of the particles increased with increasing volume of the IAP from 0.25 ml to 1 ml. Also, empty and fragmented cores were observed when the IAP volume was ≥1 ml (data not shown). This observation agrees with previously published studies showing that polymeric microspheres prepared by the emulsion solvent-evaporation technique become porous owing to the presence of the IAP and that the degree of porosity increases as the fraction of the aqueous phase volume increases [29] .
Incorporation of Span 60, stearylamine or PEI into the IAP affected surface morphology, porosity and particle-particle interaction of the microspheres. Span 60 and stearylamine produced particles with rough surfaces containing sporadic pores (Figs. 1A and 1B) . Particles with sporadic pores may result from the tendency of Span 60 and stearylamine to migrate to the oil-water interface and the polymeric phase due to their lipophilic character. However, no significant differences were observed between the morphologies of the Span 60-and stearylamine-modified particles despite the two surfactants being electrostatically different. Uniform sized particles with rough surfaces have previously been observed when neutral or cationic surfactants were incorporated in the internal aqueous or OP of the primary emulsion [10, 11, 30] . The rough surface of the particles was caused by shrinkage of the polymer as water was being removed during drying. Furthermore, the morphology of particles prepared using either of the surfactants was very similar, perhaps because the hydrophilic-lipophilic balance (HLB) values for two surfactants are very close-the HLB of Span 60 is 4.7 and that for stearylamine is 7.9 [31] .
When PEI, a polycation, was present in the IAP, the microspheres were more porous compared to those formulated without PEI, i.e., PM-2 (Fig. 1C) . A similar concentration-dependent increase in porosity and pore diameter was observed when PEI was complexed with oligonucleotides in the IAP to prepare PLGA-based microspheres of the complex [32] . LMWH, like oligonucleotides, is a negatively charged molecule, so that PEI formed an electrostatic complex with LMWH, helping to retain more of the drug in the microspheres. As a result, the space occupied by the dispersed drug may have increased along with the amount of bound water. Alternatively, differences between the osmotic pressure of the internal and external aqueous phases may have played a role in the increase in porosity. In fact, it has been reported that increased osmotic pressure in the aqueous phase renders the particles more porous [9, 33] . As PEI is an osmotically active polycation, its presence in the IAP may lead to an increased influx of water, resulting in larger aqueous droplets during emulsification. Removal of water during lyophilization leaves void space in the particles, making them more porous and with relatively larger-diameter pores.
Particle size, Zeta Potential, Tapped Density and Aerodynamic Diameter Aerodynamic diameter and particle density play an important role in successful deposition of inhaled particles in the lungs. As discussed in the Introduction, for traditional dry-powder inhalers, a geometric diameter of 1-5 μm is required for efficient deposition of particles in the respiratory tract. Recently, it has been proposed that lighter particles with a mass density <0.4 g/ml and geometric diameter >5 μm could be used to enhance the residence time in the lungs and provide a prolonged release effect. To investigate if the particles meet the above criteria for pulmonary delivery, the volume-based diameter, tapped density, and aerodynamic diameter of the microspheres were determined (Figs. 2 and 3) . The data presented in Fig. 2A show that the particles were moderately polydispersed, with a polydispersity index ranging from 1.58 to 2.31. The mean volume-based diameter of the microspheres suggests that the size of the microspheres increases as the aqueous phase volume fraction increases; the highest size increase was observed with an IAP to OP ratio of 1:5. At a ratio of 2:1 a significant increase in the size of the microspheres occurred due to the formation of a relatively unstable secondary emulsion, as observed in the SEM photographs. Incorporation of Span 60 in the IAP did not affect the particle size of the microspheres compared to those without Span 60. When PEI or stearylamine was incorporated in the aqueous phase, an increase in particle size was observed, although no further increase was observed when the concentration of the agents was increased from 1.25% to 2.5% ( Fig. 2A) . The basis for the increase in particle size could be that these agents may leak out to the external aqueous phase and remain on the surface of the negatively charged PLGA. Such a relocation of cationic core-modifying agents onto the surface of microspheres can increase the particle-particle interactions during the secondary emulsification and this may lead to an increase in particle size. Furthermore, complexation of PEI or stearylamine with the negatively charged drug may have contributed to the increase in size of the particles.
In addition to particle size, zeta potential and tapped density of the particles were also determined. The tapped density provides important information about the flowability of the particles from the inhaler device, the porosity of the particles, the particle size distribution, the true density, and interparticulate forces-cohesive and adhesive. The tapped density is also affected by surface properties such as wettability and surface charge. The data presented in Fig. 2B show that plain microspheres were negatively charged but the particles became positively charged upon addition of cationic core-modifying agents, suggesting that the negative surface charge of the drug and PLGA polymer was partially neutralized by the cationic core-modifying agents. The tapped densities decreased with the increase in the internal aqueous volume fraction (Fig. 3A) . When the internal aqueous volume was increased from 0.25 ml to 1 ml, a twofold decrease in the tapped density was observed, suggesting that the particles became lighter because of the increase in porosity of the microspheres. These data agree with the porous nature of the microspheres as observed in SEM photomicrographs. However, when Span 60 was used as a core-modifying agent, a reduction in tapped density was observed compared to plain microspheres and the magnitude of reduction was dependent on the concentration of Span 60 used. The presence of Span 60 may have made the particles more hydrophobic and increased the interparticle repulsive forces. As a result, the interparticular distances increased and the particles became fluffier and lighter compared to the plain microspheres. However, when stearylamine or PEI was added to the aqueous internal core, an increase in the density was observed compared to microspheres without stearylamine or PEI, and the tapped density increased slightly with the increase in concentration of the additives. No difference between the tapped densities of the PEI-and stearylamine-based microspheres was observed. Increased tapped density suggests a compact and dense internal structure of the particles. The increase in bulk density may be the result of reduced interparticular distances because of the hydrophilic surface of the microspheres conferred by PEI or stearylamine. It is also likely that the presence of cationic core-modifying agents rendered the microparticles' internal environment hydrophilic, causing the particles to retain residual water and making them heavier than the plain microspheres, as observed by Pistel and Kissel [33] .
The mass median diameter (MMAD), a parameter important for the deposition and distribution of particles in the respiratory tract, was determined. The theoretical mass median diameter (MMADt) was determined from the volume-based diameter and tapped density, and the actual mass median diameter (MMADa) was calculated using an eight-stage Anderson cascade impactor, which is a widely used method to characterize the aerodynamic particle size distribution emitted from therapeutic inhalation devices [34] . In terms of size distribution, the MMADt and MMADa data presented in Fig 3B show a similar pattern. For example, for plain microspheres, an increase in MMADt and MMADa was observed when the internal aqueous phase volume was increased. Similarly, for core-modified microspheres, the MMADa of PM-PEI-2 was greater than those of the other two core-modified microspheres. Importantly the MMADt and MMADa of the formulations were <6 μm, which is below the maximum value for aerosolized particles for efficient deposition in the lungs, as described by Edwards et al. and Van Campen and Venthoye [35] . On the whole, the data presented in Figs. 2 and 3 suggest that the presence of additives in the IAP plays an important role in modifying the properties of particles. Moreover, the aerodynamic diameter of the particles was determined to be within the respirable range, indicating their suitability for administering as a dry powder into the respiratory tract.
Entrapment Efficiency
To prepare microspheres containing a single dose of the drug that can be administered in a single insufflation to the lungs, 50 mg LMWH was encapsulated in 250 mg of PLGA microspheres. As indicated above, a fixed amount of the drug was dissolved in varying aqueous phase volume fractions in order to obtain microspheres of different porosity. The data in Table  1 suggest that entrapment efficiency decreases with increasing water volume in the internal phase. When the IAP volume was increased from 0.25 ml to 1 ml, the entrapment efficiency was reduced from 17.87±1.79% to 9.39±1.21%. However, the entrapment efficiency of the formulations containing 0.5 ml of internal phase was close to that obtained with 0.25 ml of internal phase. The reduction in entrapment efficiency observed with the increase in IAP likely occurred because of the formation of particles with larger pores, allowing the encapsulated drug to leach out through the pores during the washing process. The large amount of IAP can also lead to destabilization of the primary emulsion and compromise the stability of the final particles. In fact, because of such instability of the primary emulsion, a large number of empty cores were observed in microspheres prepared with 1 ml of IAP. To enhance the entrapment efficiency and achieve extended-release properties, the drug was complexed with a polycation, PEI, or cationic surfactant, stearylamine, in the IAP. The effect of cationic agents on increasing the entrapment efficiency of anionic LMWH was further compared with the effect of the nonionic surfactant, Span 60. For the preparation of core-modified microspheres, we chose to use 0.5 ml IAP because plain microspheres prepared with this amount of internal phase volume showed an optimal in vitro release pattern. Incorporation of each of the three additives into the internal phase significantly increased the entrapment of LMWH in the microspheres (Table 1) . When Span 60, stearylamine or PEI was used at a concentration of 1.25% or 2.5%, the LMWH entrapment efficiency was increased compared to that of particles prepared without any of these additives. The increase in entrapment efficiency was dependent on the concentration of the additives used in the internal phase. For example, when 1.25% PEI was used, a threefold increase in LMWH entrapment efficiency was observed (43.5±1.32%) compared to particles prepared in the absence of PEI (16.22±1.32%). When the concentration of PEI was increased to 2.5% of the IAP, a further increase in entrapment efficiency was observed.
The higher entrapment efficiency of LMWH in the microspheres was because of the enhanced stability of the primary emulsion due to the presence of any one of the three core-modifying agents: Span 60, stearylamine or PEI. However, as these additives are chemically different, they may have increased the stability of the primary emulsion and the entrapment efficiency by different mechanisms. Indeed, it has been previously shown that a critical parameter for high drug-entrapment efficiency in the final particle is the homogeneous dispersion of the aqueous phase in the OP of the emulsion [36] . The entrapment efficiency in the stearylaminebased formulation was higher compared to the Span 60-based formulation because stearylamine acts as both a complexing and emulsifying agent. Stearylamine's positive surface charge may have helped the drug to complex with the surfactant and increase the total amount of the drug in the emulsion. Furthermore, the increase in entrapment efficiency was the highest with PEI, perhaps because a different mechanism is involved. It is hypothesized that positively charged PEI forms an electrostatic complex with the negatively charged LMWH. This hypothesis agrees with a previous study that showed greater entrapment efficiency of heparin in PLGA microspheres prepared with Eudragit ® , a quaternary ammonium group-carrying polymer, as compared to microspheres without Eudragit ® [22] . We believe that PEI-LMWH complex formed in the IAP becomes relatively hydrophobic compared to the drug alone. The resulting complex may migrate to the water-oil interface and facilitate the formation of a stable primary emulsion. A similar increase in entrapment efficiency was observed when PEI was complexed with oligonucleotides in the internal phase. Overall, the ability of the three agents to increase the entrapment efficiency can be ranked as PEI > stearylamine > Span 60.
In vitro Release Profiles
The amount of heparin released from all formulations was estimated and the release kinetics calculated. The amount of LMWH released at the zero time point was considered as surfaceassociated drug, and that released during the first 30 min was considered as the initial burst release. The in vitro release profile presented in Fig. 4 and Table 2 suggests a biphasic release pattern for all formulations: an initial burst release followed by near zero-order release kinetics. The phenomenon of burst release occurs because of the release of heparin adsorbed on the surface of the particles and development of a high concentration gradient across the particle surface. For plain PLGA microspheres containing no core-modifying agents, the amount of drug released during the initial burst phase was related to the porosity of the particles. As the porosity of the formulations increased, the amount of drug released also increased (Fig. 4A ). As such, the amounts of drug released from formulations prepared with 0.25, 0.5 and 1 ml IAP were 3.33±0.69, 5.79±0.75, and 10.36±1.21%, respectively ( Table 2) . Because of the presence of larger pores in the latter two formulations (PM-2 and PM-3), a larger amount of medium is likely to come in contact with the particles and facilitate the release of the drug from the microspheres.
For core-modified microspheres, the amount of drug released in the initial burst phase was dependent on both the entrapment efficiency and the amount of drug associated with the surface of the particles. Because more drug was available in the core-modified microspheres, more drug was released. For example, because the entrapment efficiency of the PEI-based formulation was greater than that of the Span 60-modified microspheres, the amount of drug released both at the initial burst and during the constant-release phase was also higher for the PEI-modified microspheres (Fig. 4B) . In addition to the entrapment efficiency, the amount of drug released was also affected by the core-modifying agent used in the IAP. The presence of either of the surfactants, Span 60 or stearylamine, produced an increase in the amount of drug released during the initial and burst phases. However, the amount of drug released from the Span-modified microspheres was higher than for the stearylamine-modified microspheres (P<0.05) (Fig. 4B) . These slight differences could be because stearylamine is more hydrophilic than Span 60, as suggested by their HLB values [37] . In agreement with these data, it was previously shown that surfactants can affect the release of entrapped heparin from PLGA microspheres [23] . Span 40 was shown to decrease the release of heparin from PLGA particles; however, both Span 80 and 85 have been shown to increase the release considerably [23] . Similarly, for PEI, which is more hydrophilic than either Span 60 or stearylamine, the rate and extent of release of the drug from PEI-based formulations was higher than that from the two other formulations. Hydrophilic PEI facilitates interaction of the aqueous medium with PLGA, which results in faster release, as observed by De Rosa et al. [32, 38] . Furthermore, an excess of PEI-LMWH complex may have adsorbed onto the surface of the microspheres and been released soon after the particles came in contact with water.
Overall, in terms of the amount of drug released in the burst phase, the formulations can be ranked in the following order: PM-PEI-2 > PM-SA-2 > PM-SP-2. Furthermore, the rate of release was independent of the entrapment efficiency, suggesting a constant rate of release after the burst phase ( Table 2 ). The data also suggest that core-modified microspheres can release LMWH for 24 h, and that the amount of drug released during 24 h is greater than that released from previously reported PLGA microspheres of LMWH [21, 23, 24] . A larger amount of drug was released from this formulation because the PLGA used was of low molecular weight, and low molecular weight PLGA undergoes faster degradation in dissolution medium at 37±1°C due to its relatively low glass transition temperature of 28-37°C [39] . However, caution should be exercised in correlating the in vitro release data with the release of the drug in the lungs because the composition of the medium used for in vitro release studies is significantly different from that of the lung fluid.
Pulmonary Absorption of LMWH Entrapped in Microspheres
Pulmonary absorption of the encapsulated drug was studied in a rodent model and the amount of drug absorbed was monitored by measuring plasma anti-factor Xa activity. To confirm that pulmonary administration of blank PLGA microspheres has no effect on anti-factor Xa activity, microspheres without LMWH was administered and anti-factor Xa levels were measured. No change in anti-factor Xa levels was observed, indicating that PLGA had no effect on endogenous anti-factor Xa levels (data not shown). When plain LMWH was administered via the pulmonary route, a rapid onset of absorption was observed, with a maximum increase in blood anti-factor Xa activity (C max = 0.20±0.01 U/ml) at 2.2±0.44 h (T max ) and a drug halflife of 4.28±0.31 h ( Table 3) . Administration of plain PLGA microspheres containing an equivalent dose of the drug resulted in a considerable prolongation of anti-factor Xa activity (T 1/2 = 12.13±0.93 h) in the blood, although the maximum increase in anti-factor Xa activity was below the level required for an anti-thrombotic effect in a rodent model [40] .
In agreement with in vitro release data presented in Figs. 4A and 4B, the levels of anti-factor Xa produced by the core-modified microspheres and the time required to achieve the C max was dependent on the entrapment efficiency of the formulations (Fig. 5A) . The Span 60-based formulation, PM-SP-2, showed an initial increase in anti-factor Xa activity in the blood and produced a maximum increase (C max = 0.13±0.03 U/ml) at 1.7±0.3 h). Although the C max produced by this formulation was lower than that produced by plain pulmonary LMWH, the blood concentration of anti-factor Xa activity was at a steady state for 24 h. The stearylamineand PEI-based microspheres also showed a slower absorption phase compared to plain LMWH. However, the anti-factor Xa levels produced by these two formulations were similar to that produced by plain LMWH administered by the pulmonary route. For both formulations, the time required to achieve maximum anti-factor Xa levels was longer than the T max for plain LWMH. The stearylamine-based formulation reached its C max (0.20±0.04 U/ml) at 6.9±0.89 h, and the PEI-based formulation reached its C max (0.21±0.03 U/ml) at 7.6±0.7 h. The elimination phase of both formulations was longer than those for subcutaneous and pulmonary administration of plain LMWH. Furthermore, a high concentration of anti-factor Xa in the blood was observed for 24 h, underscoring the prolonged release properties of the formulations. The data presented in Table 3 also clearly demonstrate that the half-life of the drug released from the core-modified microspheres was increased by 5-to 6-fold compared to subcutaneous LMWH. Similar to the half-life, the relative bioavailabilities of the stearylamine-and PEIbased formulations were increased by 2-fold compared to plain LMWH administered by the pulmonary route.
Several factors may have contributed to the increase in half-life and bioavailability of the formulations. First, slower release of the drug from the formulations should increase the drug's half-life, and a higher magnitude of drug release should enhance its bioavailability. Second, prolongation of the drug's effect can be explained by the fact that the particles were too big to be phagocytosed by alveolar macrophages [3] so that the drug remained in the lung for a longer period of time. In addition to particle size, the rate of release of a drug from the microspheres may also depend on the molecular weight of the PLGA used and the porosity of the microspheres. As discussed above, the biodegradability of PLGA microspheres depends on the molecular weight and glass transition temperature of the polymer. The PLGA used in this formulation has a glass transition temperature of 28-37°C, and hence can easily degrade at physiological temperature and release the drug from the formulations for absorption via the respiratory epithelium [39] . However, the fate of PLGA after release of the drug is unknown. It is likely that some residue of PLGA remains in the lung after the drug has been released. Further investigations are required to determine the fate of PLGA after pulmonary ingestion. The porosity of the microspheres also plays a major role in enhancing the rate of biodegradation by exposing more surface area of the polymer matrix to the lung fluid [41] . The presence of hydrophilic molecules such as PEI and surfactant may also facilitate degradation of polymers by increasing the wettability and reducing the contact angle of the polymer with the physiological fluid, as suggested previously [42, 43] . Another important factor that may contribute to the enhanced bioavailability is the property of the core-modifying agent to increase the permeability of the respiratory epithelium. It is hypothesized that core-modifying agents used to prepare microspheres may separate out from the microspheres and act as absorption promoters [37] .
MTT Cytotoxicity Study
To evaluate the cytotoxicity of the core-modifying agents to Calu-3 cells, the viability of the cells was assessed with the MTT assay. MTT, a tetrazolium salt, is cleaved by mitochondrial dehydrogenase in living cells to form a measurable, dark blue product called formazan. Damaged or dead cells have reduced dehydrogenase activity and diminished formazan production. Results of the MTT test showed high levels of viability of Calu-3 cells after incubation with saline; in contrast, only 21% of Calu-3 cells were viable following treatment with 0.1% SDS (p<0.05) (Fig. 5B) . A concentration-dependent increase in cytotoxicity was observed for both plain core-modifying agents and microspheres containing core-modifying agents. Of the three core-modifying agents tested, the effect of PEI in cell death was more pronounced than that of the other two agents. However, when PEI was used as a core-modifying agent to prepare LMWH-entrapped microspheres, a reduction in cytotoxicity was observed compared to plain PEI. This reduced cytotoxicity was because of partial neutralization of the positive surface charge of PEI in the presence of negatively charged LMWH. Overall, the cytotoxicity produced by all core-modified microspheres was comparable to that produced by blank or plain LMWH-loaded microspheres and that of the saline control.
Taken together, the entrapment efficiency of LMWH in PLGA microspheres can be increased by incorporating Span 60, stearylamine and PEI in the IAP. In terms of particle size, porosity, aerodynamic diameter, in vitro release behavior and cytotoxicity, the core-modified microspheres were optimal for pulmonary administration. The drug was released, both in vitro and in vivo, for 24 h and the maximum increase in anti-factor Xa levels was observed for the PEI-and stearylamine-modified microspheres. The half-life of the drug from the core-modified microspheres was considerably higher than that of plain LMWH administered via the pulmonary route. The data presented here demonstrate that PLGA-based large porous microspheres could be a viable option for delivering LMWH via the pulmonary route for a prolonged release effect. SEM of LMWH-loaded PLGA microspheres (A) PM-SP-2, (B) PM-SA-2 and (C) PM-PEI-2. See Table 1 for composition of the different formulations. Volume-based mean diameter (A), the data in parentheses show the polydispersity index, PI, and Zeta potential (B) of LMWH-loaded PLGA microspheres. Data represent mean ± standard error of the mean (n=3). (A) In vivo performances of the formulations. Changes in plasma anti-factor Xa activity after pulmonary administration of LMWH (50 U/kg) in plain and core-modified PLGA microspheres (n=5-6). (B) Effects of plain core-modifying agents and microspheres containing core-modifying agents on the viability of Calu-3 cells. The test samples contained 0.25 mg/ ml, 0.025 mg/ml or 0.0025 mg/ml of plain core-modifying surfactants or microspheres containing an equivalent amount of core-modifying agents. Data represent the mean ± standard error of the mean (n=8). Pharmacokinetic parameters of LMWH-loaded PLGA microspheric formulations. Data represent mean ± SEM (n=5-6) 
